Abstract-This communication presents the complete design of a circularly polarized (CP) folded reflectarray (FRA) antenna with an integrated planar structure for the first time in the open literature. To achieve circularly polarized, a printed meander-line polarizer is designed and integrated with the linearly polarized (LP) FRA. To achieve a lowprofile planar structure, an integrated 2×2 planar array is designed as the feed source instead of a horn. Thus, the whole antenna, including the feed source, LPFRA, and meander-line polarizer, can be fully integrated and fabricated using low-cost printed circuit board technology. To validate the concept, a right-handed CPFRA operating in C-band is designed, fabricated, and measured. The broadside axial ratio (AR) of the proposed CPFRA is lower than 1 dB over a bandwidth from 5.22 to 5.46 GHz. In addition, the maximum gain of 22.8 dBic is obtained at 5.38 GHz with the antenna efficiency of 27%. The antenna is promising for applications in satellite communication due to advantages of low profile, easy fabrication, low cost, and high gain.
I. INTRODUCTION
Due to the combination of the advantages from the printed microstrip array antenna and reflector antenna, the reflectarray antenna [1] , [2] has demonstrated its potential as an important and popular high-gain antenna for the point-to-point communication systems. As one distinctive member among the reflectarray family, the folded reflectarray (FRA) [3] successfully reduces the antenna volume by employing the dual-polarized unit cells for polarization conversion and placing a polarizer grid right above it.
During recent years, many FRA antennas with different functions for various applications have been reported. In [4] and [5] , the FRA with shaped beam pattern was used for foreign object debris detection on runways and the local multipoint distribution services. A Q-band FRA using the planar substrate integrated waveguide as the primary source was designed for the high data rate communications in [6] . For the dual-frequency application, an FRA operating at 20 and 30 GHz is accomplished [7] . In addition, a millimeter-wave FRA with the mechanical beam scanning capability is presented [8] .
The FRA is also introduced to the space communication area. For example, the Ka-band smart FRA antenna for the SatCom-on-themove system with the electrical beam scanning capability has been Y. Wang, G. Wei, J. Li, and C. Wu are with the School of Electronics and Information, Northwestern Polytechnical University, Xi'an 710129, China.
F. Zhu is with the Science and Technology on Antenna and Microwave Laboratory, Nanjing Research Institute of Electronics, Nanjing 210039, China (e-mail: zhu.fuguo@hotmail.com).
S. reported [9] , [10] . Compared with the reflector antenna, the utilization of the FRA reduces the height of antenna for the user terminals, which is more promising in the mobile communications. However, one main problem of FRA is that it can only produce linear polarization while some applications, especially the satellite communications [11] , require circularly polarized (CP) antennas for avoiding the possible series losses caused by the polarization misalignment. The classic CP reflectarrays using the CP feed and the variable-rotation-angle ring and patch unit cells have been reported in [12] and [13] . However, in FRA, the polarization needs to be linear before the wave radiates out of the polarizer grid. In [14] , a Ka-band linear-to-circular polarization converter is presented to improve polarization purity through converting the designed linearly polarized (LP) to CP while the cross LP is reflected. This convertor could be used in the CPFRA, but the whole CPFRA design has not been published yet in the open literature. This communication presents another method of employing a meander-line polarizer [15] - [17] above the polarizer grid of the LPFRA to achieve the circular polarization.
In the FRA, it is worth considering that a horn is usually employed as the feed source at the center of the antenna structure. The horn has a 3-D structure and is not compatible with reflectarray structure made of printed circuit board (PCB) technology. In order to reduce the antenna volume and achieve a low-profile planar structure, an integrated 2 × 2 planar array is utilized as the alternative feed source instead of a horn antenna.
For mobile satellite communications, ideally it requires an antenna which has a planar structure, low profile, CP, and high gain, and can be fabricated using the low-cost PCB technology. The aim of our work is to fill this gap. Thus, through putting a classic three-layer meander-line polarizer on the top of the fundamental linear-polarized FRA and using the alternative primary source array, the CPFRA with fully integrated planar structure is presented in this communication.
The organization of this communication is as follows. In Section II, the component function and the basic operating principle of the CPFRA are clarified, respectively. In Section III, the design details of the unit cells for the main reflectarray, the feed array, and the polarizer are depicted. The performance of the proposed unit cells is characterized by the simulated results. The configuration of the whole CPFRA is reported as well. In Section IV, the performance of the prototyped CPFRA is characterized through measured results. In addition, the discussions about the measured results are presented. At last, the conclusion is drawn and presented in Section V.
II. OPERATING PRINCIPLE
The general configurations of the CPFRA structure and the wave propagation path are shown in Fig. 1 . The CPFRA is composed of four main components, including the reflecting face for polarization twisting and phase compensation, the polarization selecting grid, the center feeding source (horn or array), and the three-layer meanderline polarizer. As illustrated in Fig. 1 , the incident waves (marked with dashed line) are transmitted from the feeding source to the polarizer grid and reflected by the grid vein, whose polarization selecting feature is in parallel with the polarization of the incident waves. Define the wave reflected by the grid as the primary reflected wave, whose polarization is the same as that of the incident wave. The primary reflected wave propagates backward and illuminates the reflecting face which is filled with dual-linear-polarized unit cells. Here, one hypothesis is previously set that the primary reflected waves within the aperture of the reflecting face are received completely by these unit cells. After twisting the polarization and compensating the path delay (using true-time delay-line), the received primary reflected waves are reradiated by the dual-LP unit cells toward the polarizer grid. The reradiated wave (marked with solid line) is still the linear polarized but perpendicular to the primary reflected wave as well as the incident wave and the polarization selecting feature of the polarizer grid. Thus, the reradiated wave can penetrate the polarizer grid and reach the meander-line polarizer. The meanderline polarizer is a classic three-layer design and placed on the top of the whole antenna structure. Finally, through utilizing the linear-tocircular polarizer, the CP wave (marked with dotted line) is realized.
III. ANTENNA DESIGNS

A. Unit Cell for the Main Reflectarray
Due to the simplicity of the structure, low cost, and ease of fabrication, the most widely used unit cell in the reflecting face is the reflection-type rectangular variable-size microstrip patch. However, the small empty-space in every unit cell domain, which is mainly restricted by the single-layer stack-up structure, limits the application of the integrated chips (such as the phase shifter) in FRAs. For the future antenna function extension, the multilayered transmission-type unit cell is used in the presented design.
The layouts and stack-up structures of the four-layer slot-type cavity-backed microstrip unit cells [18] with dual-linear polarization are shown in Fig. 2 . The inner looped slot in the center, the outer single slots surrounding the whole unit cell structure and the metal vias form two cavities resonating at adjacent frequency to broaden the operation bandwidth. In the second layer, the strip feeding lines with the characteristic impedance of 63 for two perpendicular polarizations are placed under the inner loop slot for impedance matching and followed by the 50 ones. In the fourth layer, the 50 microstrip feeding line is connected with the strip feeding line through the quasi-coaxial transition. For the inner looped slot operating at higher frequencies, the input energy is cross-coupled from the strip feed line. For the outer single slots operating at lower frequencies, the input energy is side-coupled from the strip feed line.
The structure dimensions of the element are listed in Table I . The four-layer stack-up structure consists of two two-layer PCB board (0.017 mm copper thickness) and two substrate slabs. The employed substrate is Polytetrafluoroethylene fibreglass with the relative permittivity value of 2.65. The bonding film of Rogers 3001 (0.038 mm thickness) is used between Sub 2, Sub 3, and Sub 4. The overlayer on the top of Layer 1 named Sub 1 in Fig. 2 is used to decrease the unit cell dimension. The applied substrate thicknesses are listed in Table II. The software HFSS is used in the simulation. The simulated distribution of the electric field magnitude at different frequencies is obtained by exciting the Floquet port and the cavity walls are marked with the black dashed line, as shown in Fig. 3 . The simulated S-parameter results of the proposed unit cells over the operating bandwidth from 5.1 to 5.5 GHz in both TE and TM modes with the first order are obtained under the periodical boundary condition as shown in Fig. 4 . The Floquet ports are excited while the two ports on Layer 4 are terminated with 50 loads. Within the operating bandwidth, the simulated |S 11 | is lower than −10 dB over a range of incidence angles from 0°to 45°.
B. Unit Cell for the Array Feed
In order to integrate the feed array with the main reflectarray on the same board using PCB technology, the same unit cell stack-up is necessary. For providing a quasi-periodical condition for both the feed array elements and the neighboring unit cells surrounding the feeding area, the configuration of the single-linear-polarized unit cell is made similar to the dual-linear-polarized unit cell as much as possible.
Therefore, the whole feeding structure is preserved while one metal via nearby the outer single slot is added and the short lines are connected between the feeding stripline and the ground in Layers1 and 4 to eliminate the radiation in the corresponding polarization, as shown in Fig. 5(a) . The simulated |S 11 | bandwidth result is obtained when the single port on Layer 4 is driven and the result is shown in Fig. 5(b) . The simulation is accomplished with the infinite array condition. In the implementation with the surrounding nondriven elements, the unit cell performance may be different.
C. Unit Cells for the Meander-Line Polarizer
In this part, through combining the meander-line polarizer with the polarizer grid, the conversion from the designed LP to CP is achieved while the cross LP is reflected. The unit meander-line configuration and the stack-up sandwich with the polarizer grid are presented, as shown in Fig. 6 . The dimensions of the unit meander-line and the thickness of the each layer are listed in Table III . The meanderline is printed on the FR-4 (ε r = 4.4, tan δ = 0.02) board and the low foamed polyvinyl chloride with the relative permittivity value of 1.4 is used as the substrate slabs between the inner and outer meander-line layers.
First, the performance of the meander-line polarizer without the polarizer grid is characterized. Then, the polarizer is added and the simulated results are obtained with the periodic boundaries in the normal incidence angle. The simulated results with the distance value (h 2 ) of 7 and 9 mm are shown in Fig. 7 . Account on these results, it can be found that the AR level of the meander-and-grid structure is tightly relevant to h 2 .
D. Delay-Line Layouts
According to the distribution of the soldering pads on the fourth layer, three topological layouts of the microstrip delay-line are simulated with the periodic boundaries in the zero-order mode in the broadside direction and presented to cover a 360°phase-delay range, as shown in Fig. 8 . The transmission-type phase-delay manner is implemented through connecting the two feeding ports of the duallinear-polarized unit cell with the 50 microstrip line. Therefore, the phase difference between the reradiated TE (TM) mode and the incident TM (TE) mode (defined as the phase-delay value) could be obtained from the phase of the transmission coefficient between the TM and TE modes of the Floquet port. Through changing the length (marked with L) of the microstrip delay-line, the 0°-170°, 165°-330°, and 310°-360°phase delay range (normalized with the phase value of the shortest line length) has been provided by Layouts 1-3, respectively.
Additionally, the transmission coefficient magnitude between the TE (TM) mode and TM (TE) mode for three topological layouts is also shown in Fig. 8 . For Layout 1, the transmission coefficient magnitude is around −0.65 dB. As the delay-line gets longer and more bends are placed for delay-line routing, the transmission coefficient magnitude of Layouts 2 and 3 decreases from −0.72 to −1.05 dB. 
E. Feed Array and CPFRA
On account of the proposed single-polarized unit cell, the feeding array which is consisted of four elements in the center of the main reflectarray and the mating four-way two-level T-junction power divider are shown in Fig. 9 .
The main reflectarray, which occupies about a 420 × 420 mm 2 (L × L ≈ 49λ 2 ) square area, is formed by 196 unit cells, including four feeding elements in the center position, eight elements for mounting at the edge, and rest for polarization twisting and phase compensating. Among these unit cells, the percentage of Layouts 1-3 is 33%, 43%, and 24%, respectively. The side length of every unit cell is 28.5 mm (∼0.5λ). The distance between the polarizer grid and main reflecting face is h 1 = 120 mm. The value of f/D (focal-length-to-dimension) is equal to 0.57. According to the antenna dimension, the phase distribution on the main reflectarray could be figured out and then the phase delay-line length of every unit cell at the corresponding position is selected from Fig. 8 . The covering layer (Sub 1) is assembled using the nylon screws and nuts (M3). Then, the polarizer grid, the meander-line polarizer, and the main reflecting face are mounted together through 12 plexiglass cylinder posts ( 20 solid bar stock with M16 screw thread at two ends) with screwing nuts and washers.
IV. MEASURED RESULTS According to the design and simulated results indicated in the previous section, the antenna prototype is fabricated and tested, as shown in Fig. 10 . In this section, the performance of the proposed integrated feed array, the meander-line polarizer, and CPFRA will be validated through the measured results. The measured |S 11 | bandwidth results of the proposed feeding array and CPFRA are shown in Fig. 11(b) . The measured |S 11 | bandwidth covers the operating frequency range from 5.1 to 5.5 GHz.
The measured normalized radiation patterns in both E-and H -plane at 5.1, 5.3, and 5.5 GHz are shown in Fig. 12 . The normalized cross-polarization radiation level is lower than −20 dB at broadside, while the cross-polarization level gets higher around ±30°directions in H -plane at 5.1 GHz, as shown in Fig. 12(b) .
According to the f /D value of 0.57, the illumination angle at the edge of the main reflectarray is 42°and the relative illumination level is −7.5 dB at 5.3 GHz. Therefore, with the square aperture of the proposed main reflectarray, the aperture efficiency is 41% (with the inscribe circle of the square aperture, the aperture efficiency is 52%).
The performance of the proposed polarizer was characterized with the measured S 21 magnitude and phase difference of/between two orthogonal polarizations [follow the same coordinate in Fig. 6(a) ], as shown in Fig. 13(a) . The magnitude difference between two orthogonal polarizations is no more than 0.2 dB and the phase difference is in the range from 85 to 92°. The corresponding AR result is calculated and showed in Fig. 13(b) . The AR level is less than 0.3 dB.
The meander-line polarizer, the polarizer grid and the main reflectarray with the integrated array feed were assembled with the h 2 of 9 and 7 mm, respectively. The measured AR bandwidth results with difference h 2 are shown in Fig. 14(b) . It can be observed that the measured AR is below 1.5 dB from 5.1 to 5.5 GHz while the h 2 is equal to 7 mm. To enhance the AR performance, the distance between the polarizer grid and the meander-line polarizer is reduced. The measured AR is lower than 1 dB from 5.22 to 5.46 GHz while the h 2 is equal to 4.6 mm.
The measured normalized radiation pattern and the AR pattern of the proposed CP FRA between −90 and +90°elevation angle in two orthogonal main planes (the azimuth angle of ϕ = 0°and ϕ = 90°) with h 2 = 4.6 mm at 5.25, 5.35, and 5.45 GHz are measured and displayed in Fig. 15 . The −3 dB beamwidth is narrower than 10°over the whole operating bandwidth. At the edge of the −3 dB beamwidth, the AR value gets higher but it is still lower than 2.5 dB. Fig. 16 shows the measured antenna gain of the proposed integrated feed array, the LP and CPFRA. From 5.22 to 5.46 GHz, the CPFRA gain is higher than 22 dBic and the maximum gain is 22.8 dBic at 5.38 GHz with the antenna efficiency of 27% (with the inscribe circle of the square aperture, the antenna efficiency will be 34%).
This antenna efficiency leads to the losses of 4.6 dB. The losses are derived from four main sources. First, the aperture efficiency of 52% leads to about 3 dB amplitude taper losses. Second, according to the simulated results in Fig. 8 , the insertion losses are contributed by the polarization conversion and the phase-delay process between the TE (TM) mode and TM (TE) mode of every unit cell. The unit cells with Layouts 2 and 3 are much more than these with Layout 1. Meanwhile, the unit cells with Layouts 2 and 3 distribute in the central area of the main reflecting face. Thus, the loss caused by the polarization conversion and the phase-delay process is about 0.9 dB. Third, on the basis of the measured results in Fig. 13 , the loss less than 0.3 dB is contributed by the meander-line polarizer. However, the gain curves of the CPFRA and the LPFRA are close to each other and the gain deterioration is not obvious according to the measure results in Fig. 16 . This loss difference may be caused by the test error. Besides the amplitude taper losses and the insertion losses of the main antenna components mentioned above, the rest loss of 0.4 dB is caused by the possible error in the fabrication and the assembling process.
V. CONCLUSION
The design of the right-hand circular-polarized FRA antenna with fully integrated planar structure is presented in this communication. The low-profile and the circular polarization are achieved by using the integrated array feed and the meander-line polarizer, respectively. The antenna prototype has been fabricated with PCB technology and characterized through the measurements. The measured 1 dB AR bandwidth is from 5.22 to 5.45 GHz when h 2 = 4.6 mm. The maximum 22.8 dBic antenna gain and 27% antenna efficiency (with the inscribe circle of the square aperture, the aperture efficiency will be 34%) are obtained. The experimental results demonstrate that the proposed design provides a feasible approach for the realization of the circularly polarization in the FRA with fully integrated structure.
I. INTRODUCTION
Negative capacitors and negative inductors are electronic circuits, input impedance of which mimics the behavior of hypothetical "negative" elements [1] . These "non-Foster elements" have many potential applications such as broadband matching of small antennas [2] - [4] , broadband dispersionless metamaterial structures [5] - [8] , and broadband microwave amplifiers [9] . Unfortunately, all non-Foster elements suffer from inherent stability problems. This issue is still not well understood, which makes a design of stable non-Foster circuit very challenging [10] - [12] .
A parallel combination of a positive resistor (R G ), a positive capacitor (C P ) and a negative capacitor (C N ) may be taken as a basic example of a non-Foster network [ Fig. 1(a) ].
Here, one defines the transfer function as a ratio between the voltage drop across capacitors C P and C N , and a voltage across a "disturbing generator" V G . The complex frequencies (s = σ + j ω), for which the denominator of the transfer function becomes zero represent the system poles
where C EQ is the equivalent (overall) capacitance of the parallel combination. The stability requires that all the system poles must be located in the left-hand side (LHS) of a complex plain, which yields the following stability criterion:
Thus, the circuit from Fig. 1(a) is stable if the capacitance of a positive capacitor is greater than an absolute value of the capacitance of a negative capacitor.
In the case of a series combination of a resistor and positive and negative capacitor, the stability condition is exactly opposite (|C P | <
